We show that quantitative information on the electrical deactivation of doping can be obtained by combining the results of positron annihilation, secondary ion-mass spectrometry, and capacitance-voltage measurements. By applying this method to study the N doping of ZnS 0.06 Se 0.94 , we can conclude that the fraction of electrically inactive nitrogen may vary from 0% to 80%, depending strongly on the growth conditions. About 40% of the electrically active N exist in the isolated acceptor configuration N Se Ϫ and another 40% is bound to compen- The formation energies of charged defects in semiconductors depend on the stoichiometry of the growth conditions and on the position of the Fermi level in the energy gap. At high concentrations of doping the compensating centers decrease the fraction of impurities able to deliver charge carriers to conduction and valence bands. The deactivation of impurities can also take place by the formation of neutral complexes. The impurities may couple into electrically inactive dimers or become passivated by other defects or impurities like hydrogen. The microscopic identification of the deactivation mechanism is required for the understanding of the electrical properties of heavily doped semiconductors. It is important to differentiate between passivation processes and electrical compensation and further to identify the atomic structure of the deactivating defects.
The formation energies of charged defects in semiconductors depend on the stoichiometry of the growth conditions and on the position of the Fermi level in the energy gap. At high concentrations of doping the compensating centers decrease the fraction of impurities able to deliver charge carriers to conduction and valence bands. The deactivation of impurities can also take place by the formation of neutral complexes. The impurities may couple into electrically inactive dimers or become passivated by other defects or impurities like hydrogen. The microscopic identification of the deactivation mechanism is required for the understanding of the electrical properties of heavily doped semiconductors. It is important to differentiate between passivation processes and electrical compensation and further to identify the atomic structure of the deactivating defects.
ZnSe is an attractive material for optoelectronic applications, but its p-type doping is very difficult. The charge carrier concentrations have been found to saturate at the moderate level of р10 18 cm Ϫ3 regardless of much larger amount of incorporated nitrogen acceptors. On the basis of theoretical calculations it has been proposed that the deactivation could be caused, e.g., by the formation of defectimpurity complexes, 1 N 2 molecules, 2 or instability of the lattice near the dopant atoms. 3 Recently, the calculations of Pöykkö et al. 4 show that the defects with the lowest formation energies, in addition to the isolated N Se Ϫ acceptor, are complexes consisting of the nitrogen dopant and a zinc interstitial Zn i or a selenium vacancy V Se . In previous positron experiments, 5 Zn and Se vacancies were identified as compensating defects in n-and p-type material, respectively.
In this work we show that a detailed picture of the deactivation of doping in semiconductors can be obtained by combining the results of positron, secondary ion mass spectrometry ͑SIMS͒, and capacitance-voltage ͑CV͒ measurements. The concentrations of Se vacancies V Se and ionic acceptors N Se Ϫ are estimated from the positron data. These values are related to the net acceptor concentration N A ϪN D and to the total nitrogen concentration ͓N͔ in order to determine the concentrations of various nitrogen related defects in ZnS 0.06 Se 0.94 .
The studied samples contained a 1.5-2.0 m-thick N-doped ZnS 0.06 Se 0.94 overlayer grown by molecular beam epitaxy ͑MBE͒ on GaAs͑100͒ substrate at 270-335°C. Two sets of samples (A and B) grown with different MBE systems were investigated. The p-type doping with N impurities was performed during the growth by a N 2 rf-plasma source. ͓N͔ was determined by SIMS, which was calibrated by implanting a known amount of N in undoped ZnS 0.06 Se 0.94 . The hole concentrations were determined by electrochemical CV experiments at 300 K. Table I shows that pӶ͓N͔ in every sample, clearly indicating the deactivation of impurities. Positron annihilation experiments were carried out using a beam of monoenergetic positrons. After thermalization in sample material, positrons diffuse in the lattice until they annihilate with an electron. Neutral and negative vacancy type defects, where the positive ion core is missing, act as efficient traps for positrons. Due to the reduced electron density in vacancies, the lifetime of the trapped positrons increases and the positron-electron momentum distribution narrows.
The momentum of annihilating positron-electron pairs can be observed as the Doppler broadening of the 511 keV annihilation line, measured in this work with a Ge detector ͑resolution 1.3 keV at 511 keV͒. We use conventional lineshape parameters, the low momentum parameter S, and the high momentum parameter W in describing the shape of the Doppler broadened line. 6 The S parameter measures the fraction of counts in the central area of the line and hence it corresponds mainly to annihilations with low momentum valence electrons. The W parameter is the integral of the tail of the peak and describes annihilations with core electrons. The narrowing momentum distribution due to positron trapping into vacancies is thus seen as an increase in the S parameter and decrease in the W parameter. Figure 1 shows the S parameter values at 25-500 K measured at a positron energy of 10 keV. With this energy all positrons annihilate inside the ZnS 0.06 Se 0.94 overlayer and do not diffuse to the sample surface or to the substrate. Since the absolute value of S has little relevance, we use the normalized S parameter S/S b in presenting the data. The value of S b , the S parameter in the ZnS 0.06 Se 0.94 lattice, is taken from Ref. 5 . The S parameter increases with temperature in all samples, from a constant level at TϽ100 K to an almost constant maximum level at temperatures above 320 K. The total change in the S parameter between low and high temperatures is seen to vary from one sample to another. The behavior of the W parameter is similar but just the opposite to that of the S parameter.
The increasing S parameter indicates that positrons get trapped at vacancy type defects. These vacancies have been identified as Se vacancies by the shape of the core electron momentum distribution. 5 The charge state of an isolated Se vacancy is expected to be 2ϩ.
1 Because the positron does not get trapped into positive vacancies, an isolated V Se cannot be observed. Therefore the detected Se vacancy is most likely a part of a defect complex, probably with the N impurity, so that the total charge of the defect is negative or neutral. Supporting this identification, the recent theoretical calculations show that the V Se N Se pair has the lowest formation energy of all defect complexes containing the Se vacancy.
1,4
The S parameter decreases when temperature is lowered, indicating smaller fraction of annihilations at vacancies ͑Fig. 1͒. The reduced trapping at vacancies at lower temperatures could be due to the change of the charge state of the vacancy by capturing a hole from the valence band. However, we do not consider this explanation likely. First, the vacancy concentration, which is calculated below, is in sample no. 1 much larger than the hole concentration. Second, the levels of S at high (TϾ300 K) and low temperature (T Ͻ100 K) plateaus vary independently. Third, the increase of S(T) takes place at Tϭ130-300 K in all samples and does not correlate with the Fermi level. A more probable explanation for the reduced S parameter at low temperatures is the presence of negative ionic acceptors. Positrons can get trapped into the Rydberg states around negative ions such as N Se Ϫ acceptors. The negative ions do not contain open volume and the annihilation at this state yields the same S parameter as the annihilation in a bulk lattice. When negative ions compete with vacancies in trapping positrons, the S parameter decreases towards the bulk value, because less annihilations take place at vacancies. The binding energy of positron in the Rydberg state of negative ions is typically 0.01-0.1 eV. 6 The negative ions are thus efficient positron traps only at Tр100 K, above which positrons are able to escape from them. 6 In this temperature range the S parameter increases as seen in Fig. 1 , because a larger fraction of positrons annihilate as trapped at vacancies.
At temperatures below 100 K, the S parameter is constant as a function of temperature. This indicates that the temperature dependencies of positron trapping at vacancies and negative ions cancel each other. In this temperature range the positron trapping coefficients at negative ions and negative vacancies both behave as ϳT Ϫ1/2 , whereas the trapping at neutral vacancies is independent of temperature. 6, 8 If neutral vacancies and negative ions were competing as positron traps, the S parameter would decrease when temperature is lowered at TϽ100 K. The observed V Se N Se complexes are thus negatively charged. Such a charge state is predicted for V Se N Se also by recent theoretical calculations. 4 At high temperatures TϾ300 K where no positrons annihilate at negative ions, the S parameter is a linear combination of the values S b and S V characteristic to the annihilations in the lattice and at vacancies, respectively. By using the standard positron trapping model 6 and the data recorded at 350 K, we can determine the concentrations of vacancies as 
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where N at is the atomic density and b ϭ240 ps is the positron lifetime in the ZnSe lattice. 9 We use the value V ϭ1.4ϫ10
15 s Ϫ1 for the positron trapping coefficient at the Se monovacancy. 6 The exact value of the relative S parameter, S V /S b , for the Se monovacancies in ZnS 0.06 Se 0.94 is not known, but the present experimental data indicates that S V /S b у1.03. We can further infer that S V /S b р1.04, because larger S V /S b ratios correspond already to the open volume of divacancies. 6 For analogical vacancies in the anion sublattice, namely V As in GaAs and V P -Zn complex in InP, S V /S b ϭ1.028-1.035 can be determined depending slightly on the detector resolution. 10, 11 The arguments lead us to choose S V /S b ϭ1.034 for the estimation of the vacancy concentrations given in Table I . 
For the trapping coefficients at 25 K we use the values determined earlier 6, 13 for GaAs: For trapping at vacancies V (25 K)ϭ1.4ϫ10 16 s Ϫ1 and for trapping at negative ions ion (25 K)ϭ1ϫ10 16 s Ϫ1 . The concentrations of negative ions are given for each sample in Table I .
In order to analyze quantitatively the electrical deactivation of nitrogen doping in ZnS 0.06 Se 0.94 , we combine the information obtained by positron, CV and SIMS measurements. The positron data yields the total concentration of acceptor type defects ͓A Ϫ ͔ϭc V ϩc ion . The concentration of donor type defects ͓D ϩ ͔ can thus be calculated from the hole concentration pϭ͓A Ϫ ͔Ϫ͓D ϩ ͔ measured by CV. The concentration of incorporated nitrogen ͓N͔ obtained by SIMS is plotted in Fig. 2 versus the sum of acceptor and donor concentrations, ͓A Ϫ ͔ϩ͓D ϩ ͔. The samples from set A are seen to fall quite well on the line ͓N͔ϭ͓A Ϫ ͔ϩ͓D ϩ ͔. As mentioned above, the theoretical calculations predict that the most probable defects in N-doped ZnSe are those related to nitrogen impurities. The correlation of Fig. 2 indicates that in the set A all nitrogen atoms are related to charged defects. The data obtained in the samples of the set B are seen to be clearly above the line ͓N͔ϭ͓A Ϫ ͔ϩ͓D ϩ ͔, indicating that these samples contain N atoms also in electrically neutral form.
In the samples of the set A the concentrations of negative vacancies, negative ions and donor defects are seen to increase linearly with the nitrogen incorporation ͑Fig. 3͒. The negative vacancies were identified above as V Se N Se complexes. According to calculations, 4 1Ϫ pairs. The concentration of neutral nitrogen, defined as ͓N͔Ϫ͓A Ϫ ͔Ϫ͓D ϩ ͔, is negligible. In the samples of the set B the mismatch of SIMS, CV, and positron data indicates that nitrogen exists in the lattice in electrically neutral form. In fact, the analysis such as shown in Fig. 3 indicates that the concentration of electrically neutral N increases with the total nitrogen incorporation, being about 80% of ͓N͔, while the concentrations of other defects occupy a much lower constant level. In principle, ϳ80% of nitrogen could be in neutral defect complexes, but the formation of such defects is unlikely according to theoretical calculations. 4 The electrical neutralization of N could result also from the passivation by hydrogen or the formation of nitrogen dimers or bigger clusters. Hydrogen passivation, however, is not a likely reason for the neutralization of N in set B, because SIMS experiments show no significant differences in ͓H͔ between samples of set A and B. The existence of neutral N-N complexes is suggested by theory 2 and by an ion beam analysis on N-doped ZnSe.
14 Interestingly, the free hole concentrations ͑Table I͒ are very similar in the samples of sets A and B, although the deactivation mechanisms are very different; compensation by donors is the major effect in set A, whereas the neutralization of N is observed for set B. This suggests that the details of the MBE growth system and the growth conditions may have a strong influence on the activation of nitrogen. In our case the difference between the two sets may be due to the slightly different growth stoichiometry. Sample 1, where ͓(V Se N Se ) 1Ϫ ͔ is the largest, was grown at 335°C under Znrich conditions. Other samples of set A were grown at 270°C and under slightly more Se-rich growth conditions than set B, which was grown at 290°C. These results suggest that by adjusting the growth conditions for ZnS 0.06 Se 0.94 :N close to stoichiometric at 290°C the formation of electrically active nitrogen related defects was suppressed. However, in this case the activation of impurities remained low due to the introduction of neutral nitrogen related complexes.
In summary, the results of this work show that the combination of positron, SIMS, and CV measurements is very powerful in investigating the details of the deactivation mechanism. The method is able to yield quantitative estimates for the concentrations of compensating defects as well as information about their atomic structure. In the case of N doping of ZnS 0.06 Se 0.94 , we conclude that the amount of electrically inactive nitrogen may vary from 0% to 80% of the total N concentration, depending on the growth process. Typically 40% of the electrically active nitrogen occupy isolated acceptor configuration N Se Ϫ . Another 40% is bound to donor type defect pairs, most probably to (Zn i N Se ) 1ϩ and (V Se N Se ) 1ϩ pairs, and about 20% is in the negative (V Se N Se ) 1Ϫ complexes.
